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Abstract: Heterojunction is an important structure for the development of photovoltaic solar cells.  In 
contrast to homojunction structures, heterojunction solar cells have internal crystalline interfaces, 
which will reflect part of the incident light, and this has not been considered carefully before though 
many heterostructure solar cells have been commercialized.  This paper discusses the internal 
reflection for various material systems used for the development of heterostructure-based solar cells. It 
has been found that the most common heterostructure solar cells have internal reflection less than 2%, 
while some potential heterojunction solar cells such as ITO/GaAs, ITO/InP, Si/Ge, 
polymer/semiconductors and oxide semiconductors may have internal reflection as high as 20%. Also 
it is worse to have a window layer with a lower refractive index than the absorption layer for solar 
cells. Ignorance of this strong internal reflection will lead to severe deterioration and reduction of 
conversion efficiency, therefore measures have to be taken to minimize or prevent this internal 
reflection.  
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1. Introduction  
Silicon homojunction is the dominant structure for current photovoltaic (PV) solar cells and 
have shown increasing quality and high conversion efficiency. The advantage of the 
homojunction structure is that it has no internal crystalline interface between the p- and n-type 
 
 
of the materials. Although a high doping concentration could change the properties of the Si 
material significantly such as the degree and type of conductivity, it does not alter the 
permittivity and refraction index of the material noticeably. Besides homojunction structure 
cells, heterojunctions are also are used to fabricate PV cells. Multi-layer structures (tandem) 
and mixed phase structures such as dye-sensitized structures have also been explored to 
fabricate solar cells in an attempt to find better conversion efficiency structures and low cost 
materials. The heterojunction solar cells have several advantages over homojunction cells 
such as high flexibility in band gap engineering and wide availability of various materials and 
combinations in designing PV cells with better absorption and efficiency. III-V, II-VI 
compound semiconductor solar cells such as AlGaAs/GaAs [ 1 ], AlGaAs/InGaAs [ 2 ], 
CuGaInSe-based cells [3] and CdS/CdTe-based cells [4,5] have shown good efficiencies. For 
further reduction of PV cell cost and easy fabrication, new material systems and their 
combinations have also been tried such as indium tin oxide (ITO)/GaAs [6,7], ITO/InP [8,9], 
GaAs/Ge and polymer/semiconductors with acceptable efficiencies [10- 13]. Recently metal 
oxide semiconductors have also attracted great attention for solar cell fabrication owning to 
their flexibility in structure design, material selection, optimal band gap structures and 
abundant resources [14-16], and they are regarded as the materials for next generation solar 
cells.  
Unlike the homojunction structure, there is an internal crystal structure interface between two 
different materials for any heterojunction device. Besides the interface states induced by the 
lattice mismatch of the two materials, there also exists a difference in optical refractive index. 
The relative permittivity of various materials changes in the range from about εr~3 for 
polymers to over 170 for TiO2[17,18], and their refractive indices at various frequencies also 
vary in a range from 1.8 to over 5 as summarized in Table 1. It is well known that incident 
light will experience a certain reflection at an interface when the refractive indices of the two 
materials are different. Optical reflection at the surface of solar cells has been considered in 
much detal and various antireflection structures have been designed to reduce the light 
reflection at the surface [19- 22]. However the internal optical reflection by a heterojunction 
interface reflection (IR) has not been considered, probably due to the very small and 
negligible IR for common material systems used, such as AlGaAs/GaAs and CdS/CdTe, as 
they have similar refractive indices. 
With the energy crisis deepening, great efforts have been made to develop new material 
systems for better efficiency and low cost PV applications, and various materials and 
 
 
combinations for heterostructures have been studied. For instance, oxide semiconductor solar 
cells TiO2/CuxO (x = 1,2), ZnO/CuO (x = 1,2) and Si/SiGe have been considered for 
fabrication of PV cells. Fe2O3 is also regarded as a potential PV candidate owing to its 
optimal band gap structure and abundance [ 23 , 24 ]; heterostructures of polymers and 
semiconductors have also been considered for the PV applications owing to their simple 
structure and production process; Although dye-sensitized solar cells are regarded as a 
homogeneous structure, they typically consist of randomly mixed transient metal oxide 
semiconductor nanoparticles wrapped by dyes that have interfaces with very different 
refractive indices.  Since the refraction indices of these materials vary over a wide range, it is 
of importance to consider the internal reflectance of heterojunction solar cells apart from the 
interface states problem. This paper aims to consider various situations of heterojunction cells 
where internal reflections occur. 
 
2. Reflection at the internal interface 
Table 1 lists the relative permittivity and refractive index for 550 nm wavelength light of 
some common and potential PV materials. Figure 1 is a schematic drawing of an interface of 
a heterostructure and the interfacial reflection and refraction. Assuming there is no top 
antireflection layer and the incident light has a very small incident angle near zero, a 
simplified equation for reflectivity by an internal interface of the heterostructure can be 
derived from Fresnel’s equations as follows: 
𝑅 = �𝑛1−𝑛2
𝑛1+𝑛2
�
2
        (1) 
where, n1 and n2 are the refractive index of layer 1 and 2 respectively.  
 
Figure 1 Schematic drawing for reflection and refraction at the interface of a heterostructure. 
 
 
 
The reflectance increases when the reflection index difference between the two materials 
increases, no matter which layer has a larger refractive index. Assuming we have a bottom 
layer (absorption layer in a solar cell structure) with a fixed refractive index n = 2, 3 and 4, a 
rough estimation of the internal reflection at a fixed wavelength can be simply calculated 
using eq.(1). Figure 2 shows the interface reflection as a function of the top layer refractive 
index. A minimum reflectance occurs when the refractive index for both top and bottom 
layers is the same. The reflectance increases rapidly with decreasing the refractive index of 
the top window layer, and increases slightly more slowly with increase in the index. The 
indices for the most popular solar cell materials are close to each other; therefore the interface 
reflectance is typically smaller than 2%. However, it could be near ~ 20% for ITO/GaAs and 
ITO/InP cells which have been studied for space exploration [6-9] due to their high resistance 
to high energy particle bombardments, simple structure and production process. Furthermore 
for some potential solar cells, such as CuO (n ~ 2.58) and polymer (n < 2) based ones, the 
reflectance between them and candidate top layers could be high near 20%. Therefore, for 
heterojunction solar cell systems, it is preferably to have materials with similar refractive 
indices; if such a material system is not available, then it is preferable to have a window layer 
with a larger refractive index than that of the absorption layer. 
 
Figure 2 Reflectance as a function of the window layer refractive index for a heterostructure with the 
refractive index of absorption layer as a parameter. 
 
Of course, the refractive index varies with optical wave length, therefore the internal 
reflection for various heterojunction systems will vary significantly with the wavelength of 
the incident light. Figure 3 shows the plots of reflectance vs. wavelength for some 
heterojunction systems, (a) for some systems with relatively high IRs, and (b) for systems 
with low IRs.  
 
 
It is obvious from Fig. 3a that for some existing solar cells using ITO as the window layer, 
such as ITO/GaAs [6,7] and ITO/InP [8,9] solar cells, a reflectance around 5% ~ 15% exists 
in the visible range of the spectrum; also a large IR of 10% ~ 25% exists for ITO/Si [25,26] 
and ITO/Ge [4] heterojunction solar cells at >400 nm; For some semiconductor/polymer 
heterojunctions, such as Si/P3HT-PCBM cells, the reflection at the interface could reach as 
high as 10%~30% for visible light. Therefore, the IR for these structures may reduce the 
performance of the cells seriously, and certain measures have to be taken to reduce it. 
Table 1 Relative permittivity and refractive index (at 550 nm wavelength) of some common 
semiconductors. For Relative Permittivity, C-Si and a-Si:H from ref.[27], CuInGaSe from ref.[28], 
TiO2 from ref.[29], P3HT and PCBM from ref.[30], and the rest from ref.[31]; for refractive index 
and P3HT and PCBM is from ref.[32], and the others from ref.[33,34,35]. 
Materials 
Relative 
Permittivity 
    n 
(550nm) Materials 
Relative 
Permittivity 
     n 
(550nm) 
c-Si 11.7 4.09 ZnO 8.2~11 2.02 
a-Si:H 11.9 4.77 ZnS   8.9 2.59 
Ge 16.0 5.17 ZnSe   9.2 2.66 
GaP 11.1 3.45 ZnTe 10.4 3.15 
GaAs 13.2 4.06 AZO N/A 2.02 
GaSb 15.7 4.49 ITO N/A 2.00 
InP 12.4 3.66 TiO2 86.0~173 2.95 
InAs 14.6 4.27 CuO 18.1 2.58 
InSb 17.7 4.13 Cu2O   7.6 3.10 
CdS 8.7~10.3 2.61 P3HT   3.0 ~1.81 
CdTe 10.6 3.05 PCBM   3.0 ~1.81 
 
Apart from the above cells, for some commercially available solar cells such as CdS/CdTe 
[4,5] and AlGaAs/GaAs [1], the internal reflection is small, typically less than 1.5% as shown 
in Fig. 3b. For some other potential solar cells, such as ZnO/Cu2O, ZnO/CuO and Si/Ge [36-
38], the small reflectance, 2% ~ 5%, will still affect the PV performance noticeably. The 
ZnO/Cu2O solar cells will have an internal reflectance of about 4.5% for wavelengths around 
500 ~ 600 nm which is close to  the bandgap of the Cu2O layer (2.1 eV), implying the most 
effective light spectrum for a ZnO/Cu2O solar cell will have a large loss through internal 
reflection. Similarly, the potential ZnO/CuO solar cell will also experience a significant IR 
>2.5 % for solar spectrum between 650 nm ~ 1033 nm (equivalent to CuO bandgap, 1.2 eV), 
and 3.5 ~ 4% for wavelength of 700 ~ 850 nm.  
Si/Ge/Si is a promising structure for solar cells with high efficiency as reported by Lin [38]. 
The reflectance for the Si/Ge interface is very complicated. It has a near zero reflectance at ~ 
500 nm owing to their compatible refractive indices at this wavelength, and it increases as the 
 
 
wave length both increases or decreases near the wave length round 500 nm. The Si/Ge solar 
cell will have an IR of about 3.5% for a 600 nm wave length and 1 ~ 1.5% for the longer 
wave lengths of the solar spectrum.  
 
Figure 3 Reflectance as a function of wavelength for some heterojunction systems. (the refractive 
indies used for reflectance calculation are from: polymers in Ref.[32], and the remainder in Refs 
[33,34,39]) 
 
It is true that part of the reflected light at the interface will be reflected back if an 
antireflection layer is used on the surface. However, the top layer is normally used as the 
window layer for collection of photo-generated carriers and has a large band gap, while the 
absorption layer with a relatively small band gap is the main layer used to generate the 
photocarriers. Blockage of light into the absorption by the thin top layer will result in a severe 
deterioration of the PV cell performance. The results demonstrate that measures should be 
taken when new material systems are considered for solar cells with heterojunction interfaces. 
This includes the use of multi-antireflection layer structure with inter-medium refractive 
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indices between layer 1 and layer 2, a rough interface and nanostructures etc to reduce the 
interface reflection etc. 
To verify the model used for the simulation, a ZnO/Si heterostructure was fabricated as an 
example for reflection measurement. The reflectance was measured by the Filmetrics 
oscillator and analysed by its built-in software. The refractive index of the ZnO layer is then 
produced as a function of wavelength by the analysis software as shown in Fig. 4a. The 
reflectance at ZnO/Si interface can be calculated using the refractive index of Si measured by 
the same instrument [33]. Figure 4b is the internal reflectance curve of the ZnO/Si structure 
for the whole solar spectrum which was also shown in Fig. 3 for comparison. The reflectance 
at the ZnO/Si interface of the device is very large, in the range from 10% to 20% for the 
visible light, in good agreement with the results reported in Refs.[33, 34], clearly 
demonstrated the accuracy of the model discussed here. The results therefore clearly indicate 
that optical reflection at a heterojunction solar cell will be a severe problem for this type of 
solar cells, and may deteriorate the performance by up to 20~30%.  
 
Figure 4 Experimental generated refractive index of ZnO (a) and the measured optical reflectance at 
the ZnO/Si interface (solid curve) (b). The measured reflectance is in good agreement with reported 
results (dotted curve) by others [33,34]. 
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3. Error source in solar cell modelling due to reflectance 
Currently, most of the first principal software available for semiconductor device simulations 
only considers the interface reflection in a simplified way which uses the relative indices 
directly in the simulation which may lead to severe errors in simulation. According to 
Maxwell Equations, a simple relation between refractive index, n, and dielectric constant, εr, 
is as follows: 
  𝑛 =  √𝜇𝑟𝜀𝑟       (2) 
It can be further simplified as n=√𝜀𝑟 , when the permeability for both of the layers are 
assumed close to the vacuum permeability. In this case, the reflectance can then expressed as, 
 𝑅 = �𝑛1−𝑛2
𝑛1+𝑛2
�
2
≈ �
�
𝜀𝑟1
𝜀𝑟2
−1
�
𝜀𝑟1
𝜀𝑟2
+1
�
2
      (3) 
Usually, the permittivity is a function of frequency and incident angle, containing a real part 
and an imaginary part [40]. If εr1 and εr2 are kept simple and constant for all wavelengths in 
eq.(3), it may lead to a large error in the interface reflection calculation. An example is the 
TiO2/CuO system, a potential high performance solar cell [35]. The relative permittivity used 
for TiO2 and CuO in the simulation in Ref.[35] are 86 and 18.1 respectively, hence a 
refractive index of about 9.2 and 4.25 can be obtained from eq.(2), leading to an IR as high as 
~13.8% which will affect the short circuit current JSC, and hence, the efficiency EFF, 
significantly. It is calculated that JSC = 30.97 mA/cm2 and EFF = 15.76% if an IR value of ~ 
13.8% was used. However, a refractive index n = 2.95 for TiO2 and n = 2.58 for CuO are 
typically obtained experimentally. The reflection would thus be IR ~ 0.45% using eq.(1). 
With this IR value, the short circuit would be JSC = 35.87mA/cm2 and the efficiency would be 
EFF = 18.38% for the ideal case. In some extreme cases, the relative permittivity of the TiO2 
could be as high as 176 depending on deposition conditions [17,18,41]. If this value is used in 
eq.(3) for interface reflection simulation without using the actual measured refractive index, 
then the internal reflection would be as large as IR ~ 66.2%, severely deviating from the 
practical system. Figure 6 is a comparison of the IV properties under 1 Sun exposure using 
different refractive indices measured and calculated from the permittivity for TiO2/CuO solar 
cells. This was simulated using numerical software AMPS-1D [35] and clearly show a large 
reduction of JSC. Therefore, for numerical studies of any new solar cell system, the IR needs 
 
 
to be considered seriously using the experimental refractive index and considering the 
wavelength dependence to minimize errors. 
 
Fig. 6 comparison of I-V curves of TiO2/CuO cells using different refractive indices measured and 
calculated from the permittivity. 
 
4. Conclusion  
In summary, internal interface reflections in heterojunction solar cells could be a serious 
problem for some existing and potential solar cell systems, and has been largely ignored so 
far. This research has shown that it is preferable for heterostructur cells to select two materials 
with similar refractive index; and if this cannot be achieved, it is preferable to have a material 
with a relatively larger permittivity as the window layer to reduce the internal reflection. In 
the early stage of development of any new solar cell system, the IR should be considered with 
care in simulation studies.   
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